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New physics in the third family and its effect on low-energy data
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We investigate, in detail, a model in which the third family fermions are subjected to an SU~2! dynamics
different from the first two families. Constrained by the precisionZ-pole data, the heavy gauge boson mass is
bounded from below to be about 1.7 TeV at the 2s level. The flavor-changing neutral current~FCNC! in the
lepton sector can be significant int↔e and t↔m transitions. In the latter case, the ratio Br(t

→mn̄mnt)/Br(t→en̄ent) and Br(t→mmm) can constrain the model better than CERN LEP or SLC data in
some region of the parameter space. Furthermore, FCNC’s are unavoidable in the quark sector. Significant

effects to theB0-B̄0 andD0-D̄0 mixing and the rare decays of theK andB mesons, such asK6→p6nn̄, b

→snn̄, Bs→t1t2, m1m2, andBs,d→m6t7, are expected.

PACS number~s!: 12.15.Ji, 12.60.Cn, 13.20.2v, 13.35.2r
im
e
ss
lo
e
a

e

rly
th
ua
ir

. I
en
n
th
h
d
ic

e
n

ic
n
d

n-

d
s
w

ons
RN

he

rger
fs.

n-
sing
-
ere
ark

nts
ble
via
de-
ar-
cess

the

the

II,
n-
.
on

ew
ted
n-

ay
I. INTRODUCTION

The search for physics beyond the standard model~SM! is
an ongoing endeavor. Usually, a search for new physics
plies investigating higher and higher energy regimes wh
new physics effects are expected to appear. Neverthele
remains a necessary and useful approach to study the
energy regime where interesting phenomena may be
pected in a particular model. The work presented here is
example where new physics diminishes in some of the v
low-energy processes and flourishes in the others.

The flavor physics of the third generation is particula
mysterious for the smallness of the mixing angles and
huge hierarchy in masses. Furthermore, the heavy top q
mass can be an indication for a new dynamics in the th
fermion generation different from the first two generations
is interesting to investigate the idea of treating the third g
eration differently from the first two generations in the co
text of strong or electroweak interactions. Fortunately,
already available low-energy data can largly constrain suc
picture. In this regard, several studies have been pursue
the literature. In the context of the quantum chromodynam
~QCD! interaction, we refer the reader to Refs.@1,2#. In the
context of the electroweak interaction, several publish
works also exist. As an example, in the context of tech
color theories, we refer the reader to Ref.@3#. The idea that
the third generation carries a separate SU~2! was proposed in
Refs. @4–6#. The two models in Refs.@5,6# differ in the as-
signment of the quantum numbers to the Higgs sector wh
leads to different phenomenological implications. Co
straints from low-energy data on such models have been
cussed in Refs.@5–8#.

In Ref. @5#, we proposed a model in which the third ge
eration feels a different gauge dynamics@with a new SU~2!
gauged symmetry# from the usual weak interaction propose
in the SM. ~No modification to the QCD interaction wa
considered, because that case has been discussed else
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@1,2#.! Consequently, a new spectrum of gauge bos
emerges in the model. We then used the available CE
large electron positron~LEP! collider and SLAC Stanford
linear collider~SLC! data to constrain the parameters of t
model. We found the model to be consistent with data~at the
3s level! as long as the heavy gauge boson mass is la
than 1.3 TeV. A similar conclusion was also found in Re
@6–8#.1

In this work, we first update the previous analysis on co
straining the parameter space of the proposed model u
the most recent LEP and SLC data@9#, then discuss the zero
momentum transfer physics in the low-energy regime wh
interesting effects may be expected in both lepton and qu
sectors. We find that flavor-changing neutral curre
~FCNC’s! may exist in the lepton sector and are unavoida
in the quark sector. As a consequence, neutrinos can mix
gauge interaction despite their zero mass. Furthermore,
viations from the SM predictions are expected for some p
ticular low-energy processes. For example, the decay pro

t→mn̄mnt can impose a stronger constraint than theZ-pole
data for some particular parameter space. Similarly,

B0-B̄0 mixing and the rare decay rates of theK and B me-

sons, such asK6→p6nn̄ and Bs→t1t2,m1m2 are ex-
pected to exceed the SM prediction for some region of
parameter space. Non-SM decay modes, such asBs,d

→m7t6, can also occur.
The rest of this paper is organized as follows. In Sec.

we briefly review the model. In Sec. III, we discuss the co
straints on the model from theZ-pole data at LEP and SLC
After a general discussion on the possible new effects
low-energy data in Sec. IV, we discuss all possible n
physics effects, including all FCNC processes as predic
by this model, in Secs. V and VI. We summarize our co
clusions in Sec. VII.

1However, the assignment of the fermion quantum numbers m
not be identical.
©1999 The American Physical Society07-1
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II. THE MODEL

For the detailed structure of the model, we refer the rea
to Ref. @5#. In this section we only outline the main featur
of the proposed model. The model is based on the ga
symmetryG5SU(2)l3SU(2)h3U(1)Y . The third genera-
tion of fermions~top quarkt, bottom quarkb, tau leptont,
and its neutrinont) experiences a new gauge interactio
instead of the usual weak interaction advocated by the S
On the contrary, the first and second generations only
the weak interaction supposedly equivalent to the SM ca
The new gauge dynamics is attributed to the SU(2)h sym-
metry under which the left-handed fermions of the third ge
eration transform in the fundamental representation~dou-
blets!, while they remain be singlets under the SU(2l
symmetry. On the other hand, the left-handed fermions of
first and second generation transform as doublets unde
SU(2)l group and singlets under the SU(2)h group. The
U(1)Y group is the SM hypercharge group. The right-hand
fermions only transform under the U(1)Y group as assigned
by the SM. Finally the QCD interactions and the color sy
metry SU(3)C are the same as that in the SM.

The symmetry breaking of the Lie groupG into the
electromagnetic group U(1)em is a two-stage mecha
nism. First, SU(2)l3SU(2)h3U(1)Y breaks down into
SU(2)L3U(1)Y at some large energy scale. The seco
stage is that SU(2)L3U(1)Y breaks down into U(1)em at an
energy scale about the same as the SM electrow
symmetry-breaking scale. The spontaneous symme
breaking of the group SU(2)l3SU(2)h3U(1)Y is accom-
plished by introducing two scalar matrix fieldsS and F
which transform as

S;~2,2!0 , F;~2,1!1 ,

i.e., theS field transforms as a doublet under both SU(2l
and SU(2)h and as a singlet under U(1)Y . On the other
hand, theF field transforms as a doublet under SU(2)l , as a
singlet under SU(2)h , and its hypercharge quantum numb
Y is 1. Thus, the scalar doubletF carries equivalent quantum
numbers as the SM Higgs doublet.

As a realization of the symmetry, theS and F fields
transform as

S→g1Sg2
† , F→g1gYF,

where g1PSU(2)l , g2PSU(2)h , and gYPU(1)Y . For
completeness, we briefly discuss the structure of the bo
and lepton sectors as follows.

A. The boson sector

The covariant derivatives of the scalar fields are defin
as

DmS5]mS1 iglWl
mS2 ighSWh

m ,

DmF5]mF1 iglWl
mF1

i

2
g8BmF, ~1!

whereWl ,h[Wl ,h
a ta/2 and whereWl ,h

a are the gauge boso
01500
er

ge

,
.

el
e.

-

e
he

d

-

d

ak
y-

r

on

d

fields of the SU(2)l ,h groups, respectively.@ta’s are the
Pauli matrices, and Tr(tatb)52dab .#

With these definitions, the gauge-invariant Lagrangian
the boson sector is

LB5
1

2
DmF†DmF1

1

4
Tr~DmS†DmS!1V~F,S!

2
1

4
Wl

a
mWl

am2
1

4
Wh

a
mWh

am2
1

4
BmBm, ~2!

where V(F,S) is the scalar potential. We assume that t
first stage of symmetry breaking is accomplished through
S field by acquiring a vacuum expectation value~VEV! u,
i.e., ^S&5(0

u
u
0 ). The second stage is through the scalarF

field by acquiring a vacuum expectation valuev, so ^F&
5(v

0), wherev is at the same order as the SM symmet
breaking scale. Because of this pattern of symmetry bre
ing, the gauge couplings are related to the U(1)em gauge
couplinge by the relation

1

e2
5

1

gl
2

1
1

gh
2

1
1

g82
. ~3!

We then define

gl5
e

sinu cosf
, gh5

e

sinu sinf
, g85

e

cosu
, ~4!

whereu plays the role of the usual weak mixing angle andf
is a new parameter of the model. The scalar fields, exc
Re(f0) from the F doublet and s from the S([s
1 ipata) matrix field, become the longitudinal componen
of the physical gauge bosons. The surviving Re(f0) field
behaves similar to the SM Higgs boson except that it d
not have the usual Yukawa couplings to the third generat

To derive the mass eigenstates and physical masses o
gauge bosons, we need to diagonalize their mass matr
For gh.gl ~equivalently tanf,1), we requiregh

2<4p
@which implies sin2f>g2/(4p);1/30# so that the perturba
tion theory is valid. Similarly, forgh,gl , we require sin2f
<0.96. For simplicity, we focus on the region wherex
([u2/v2) is much larger than 1, and ignore the correctio
which are suppressed by higher powers of 1/x. To the order
1/x, the light gauge boson masses are found to be@5#

MW6
2

5M0
2S 12

sin4f

x D , MZ
25

M0
2

cos2u
S 12

sin4f

x D , ~5!

where M0[ev/2 sinu. While for the heavy gauge boson
one finds

MW86
2

5MZ8
2

5M0
2S x

sin2f cos2f
1

sin2f

cos2f
D . ~6!
7-2
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It is interesting to notice that up to this order the heavy ga
bosons are degenerate in mass. This is because the h
gauge bosons do not mix with the hypercharge gauge bo
field, Bm .

B. The fermion sector

Explicitly, under the SU(2)l3SU(2)h3U(1)Y symmetry,
the quantum numbers of the first and second generation
mions are assigned as follows: left-handed quarks: (2,1)1/3,
ss
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left-handed leptons: (2,1)21. While for the third generation
we assign left-handed quarks: (1,2)1/3, left-handed leptons:
(1,2)21. For all the right-handed fermions, we assign righ
handed quarks and leptons: (1,1)2Q , whereQ is the electric
charge of the fermions. Because of this assignment,
model is anomaly free, and the cancellation of anomalie
satisfied family by family.

In terms of the mass eigenstates of the gauge bosonsW6,
Z, W86, andZ8, the fermionic interaction Lagrangian is
L f
int5

e

sinu
C̄LgmFTl

61Th
61

sin2f

x
~Th

6cos2f2Tl
6sin2f!GCLWm

61
e

sinu cosu
C̄LgmFTl

31Th
32Q sin2u1

sin2f

x

3~cos2fTh
62sin2fTl

6!GCLZm1
e

sinu
C̄LgmF2

sinf

cosf
Tl

61
cosf

sinf
Th

62
sin3f cosf

x cos2u
~Th

61Tl
6!GCLWm8

6

1
e

sinu
C̄LgmF2

sinf

cosf
Tl

31
cosf

sinf
Th

32
sin3f cosf

x cos2u
~Th

31Tl
32Q sin2u!GCLZm8 1eQ f̄igm f iAm

2
eQsin2u

sinu cosu
f̄ R

i gm f R
i S Zm2

sin3f cosf

x cosu
Zm8 D . ~7!
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The first and second generations acquire their ma
through the Yukawa interactions to theF doublet field. The
fermions Yukawa Lagrangian is

LYukawa5C̄L
1F@g11

e eR1g12
e mR1g13

e tR#

1C̄L
2F@g21

e eR1g22
e mR1g23

e tR#1H.c. ~8!

For the third generation one cannot generate their ma
through the usual Yukawa terms~dimension-four operators!,
as it is not allowed by gauge invariance. This can be
indication that the mass generation of the third family is d
to a different mechanism than the first two generations. O
way to realize this is to assume that our proposed symm
can be embedded in a larger symmetry at a much hig
energy scale. The breaking of the large symmetry is resp
sible for the generation of the third family masses as it is a
responsible for the new nonuniversal gauge dynamics. At
low-energy scale this can be effectively written in terms
higher dimension operators. For example, the mass of the
t lepton can be generated through the following dimensi
five operators:

1

L
C̄L

3S†F@g31eR1g32mR1g33tR#1H.c., ~9!

whereCL
35(t l

ntL), andL characterizes some large mass sc

associated with the strong flavor interaction. It is reasona
to assumeL;u@v, so that the mass oft is about equal to
g33v. Thus, although the masses of the first and second
es
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erations are generated through the Yukawa interactions a
the SM, the mass spectrum of the third generation mus
generated by a different mechanism. Another scenario@4# for
generating the third family masses in this model is to int
duce an additional scalar doublet which only couples to
third generation through the usual Yukawa interactions.
general, this scenario will introduce extra interaction terms
the gauge dynamics and will modify the conclusions p
sented in this paper.

Given the fermion mass matrices, one can derive th
physical masses by diagonalizing the mass matrices u
bilinear unitary transformations. For example, for the lept
sector, the lepton mass matrixMe can be read out from the
Lagrangian written above in Eqs.~8! and ~9!. We introduce
the unitary matricesLe andRe with the transformations:

eL
i →Le

i j eL
j , eR

i →Re
i j eR

j . ~10!

Hence, the physical mass matrix is given by

Me
diag.5Le

†MeRe . ~11!

Because the third family interacts differently from the fir
and second generation, we expect in general flavor-chan
neutral currents to occur at tree level.

In terms of the fermion mass eigenstates, one can ea
derive the fermion-gauge interactions using Eq.~7!. For ex-
ample, the left-handed neutral-current interactions in the l
ton sector are
7-3
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e

2 sinu cosu
~ ēL m̄L t̄L!gmF2112 sin2u1

sin4f

x

2
sin2f

x
Le

†GLeG S eL

mL

tL

D Zm ,

e

2 sinu
~ ēL m̄L t̄L!gmF sinf

cosf
1

sin3f cosf

x cos2u
~122 sin2u!

2
Le

†GLe

sinf cosfG S eL

mL

tL

D Zm8 ,

where

G5S 0 0 0

0 0 0

0 0 1
D . ~12!

Similar formulas for the neutrino sector can be derived fr
Eq. ~7!. For the left-handed charged-current interactions,
find

e

A2sinu
~ ēL m̄L t̄L!gmF12

sin4f

x
1

sin2f

x
Le

†GLeG

3S neL

nmL

ntL

D Wm
21H.c.,

e

A2 sinu
~ ēL m̄L t̄L!gmF2

sinf

cosf
2

sin3f cosf

x cos2u

1
Le

†GLe

sinf cosfG S neL

nmL

ntL

D Wm8
21H.c. ~13!

Similarly, for the quark sector we introduce the unita
matricesLu and Ld . In terms of the mass eigenstates o
finds the following interaction terms:

e

2 sinu cosu
~ ūL c̄L t̄L!gmF12

4

3
sin2u2

sin4f

x

1
sin2f

x
Lu

†GLuG S uL

cL

tL

D Zm , ~14!
01500
e

e

2 sinu cosu
~ d̄L s̄L b̄L!gmF211

2

3
sin2u1

sin4f

x

2
sin2f

x
Ld

†GLdG S dL

sL

bL

D Zm ,

e

A2sinu
~ ūL c̄L t̄L!gmF S 12

sin4f

x DLu
†Ld1

sin2f

x
Lu

†GLdG

3S dL

sL

bL

D Wm
11H.c.

Interactions involving the heavy gauge bosonsZ8 and W8
can be easily derived using Eq.~7!. Similarly, the right-
handed fermion couplings to the neutral gauge bosonsZ and
Z8 can be read out from Eq.~7!. The fermion couplings to
the photon are the usual electromagnetic couplings.
shown above, it is evident that ifgh.gl , then the heavy
gauge bosons would couple strongly to the third genera
and weakly to the first two generations, and vice versa.

For the charged-current interactions in the quark sec
one observes that in the case of ignoring the new phy
effect, quark mixing is described by a unitary matrixV
5Lu

†Ld which is identified as the usual Cabibbo-Kobayas
Maskawa~CKM! mixing matrix. With the inclusion of new
physics, the mixing acquires an additional contribution p
portional to sin2f/x, with

Lu
†GLd5Lu

†LdLd
†GLd5VLd

†GLd5Lu
†GLuV. ~15!

Therefore, we would expect the extracted values of the CK
matrix elements to be slightly modified due to the new co
tributions of the model.

In this model, lepton mixing is an exciting possibility
Needless to say, there are already significant constraint
lepton universality and lepton number violation from th
low-energy data. An example is the almost vanishing de
width Gm2→e2e1e2 which severely suppresses any possi
mixing between the first and second lepton generatio
Similarly, the experimental limit on the decay widt
Gm2→e2g does not favor such a mixing. Since the other le
ton number violation processes, especially those involv
the third family, are not as well constrained asm→eeeand
m→eg @10#, it is still interesting to explore such a possibi
ity. Furthermore, FCNC’s can exist in the neutrino sect
despite that the neutrinos are massless, which may induc
interesting effect to the neutrino oscillation phenomena.
will be shown later, FCNC’s are unavoidable in the qua
sector of the model, which can lead to appreciable effe
that can be verified or ruled out by future data on Kaon a
B physics.

In the following sections, we discuss the effect of the n
physics predicted by this model to low-energy experimen
and derive the constraints on the parameter space of
model from the present data. Using the latest LEP or S
7-4
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data we update our previous analysis in Ref.@5#. For com-
pleteness, we also study the constraints from current dat
a model in which only the top and bottom doublet has
different SU~2! gauge interaction, which is another possib
model of top quark interactions@11#. Furthermore, we shal
systematically include all the low-energy data from ta
kaon, charm, andB physics, and identify a few interestin
observables that can be sensitive to this type of new phys
We have also examined the one-loop contribution to
K0-K̄0, B0-B̄0 mixing, and to the branching ratio ofb→sg.

III. CONSTRAINTS IMPOSED BY Z-POLE DATA

In the SM, the parametersa, GF , andMZ are determined
through three experimental measurements, e.g.,e-p scatter-
ing, m decay, andZ peak at LEP or SLC, respectively. In th
model, two additional parameters enter through the ga
sector. These two parameters can be taken asx and sin2f ~or
equivalently, the heavy gauge boson massMZ8 and its decay
width GZ8). Similar to the SM case, it is necessary to fix t
input parametersa, GF , MZ , sin2f, andx in this model to
make predictions and compare with experimental data.
first three parameters can be fixed in the same way as
SM, and the last two parameters, sin2f and x, will be con-
strained through available data. Because of the symme
breaking pattern, the electromagnetic couplinga coincides
with the SM value. To fix the weak-coupling constant, w
use them lifetime to defineGF . We calculate them-decay
width in this model by including theW and W8 contribu-
tions. We find that, as to be discussed later,GF5GF

SM

~equivalentlyv5vSM) as long as one demands no mixin
between the first and second lepton families@5#. Finally, we
define MZ using the Z peak at LEP or SLC, i.e.,MZ

5MZ
SM.

In Ref. @5# we studied the constraints imposed by t
already existing LEP and SLC data, and we found that
lower bound on the heavy gauge boson mass wasMZ8
.1.3 TeV at the 3s level. The lower limit onMZ8 was
established for small values of sin2f, for larger values of
sin2f the lower bound onMZ8 is larger. Since theZ-pole
physics program at LEP has been completed, it is worthw
to update our previous analysis using the most recent d
Following Ref.@5#, we calculate the changes in the releva
physical observables relative to their SM values to lead
order in 1/x, i.e.,

O5OSM~11dO!, ~16!

whereOSM is the SM prediction~including the one-loop SM
correction! for the observable O, anddO represents the new
physics effect to leading order in 1/x. We list the calculated
observables as follows:

GZ5GZ
SMS 11

1

x
@20.896 sin4f10.588 sin2f# D , ~17!

Re5Re
SMS 11

1

x
@0.0794 sin4f10.549 sin2f# D ,
01500
on
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e
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t
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Rm5Rm
SMS 11

1

x
@0.0794 sin4f10.549 sin2f

22.139 sin2b sin2f# D ,

Rt5Rt
SMS 11

1

x
@0.0794 sin4f10.549 sin2f

22.139 cos2b sin2f# D ,

AFB
e 5~AFB

e !SMS 11
1

x
@10.44 sin4f# D ,

AFB
m 5~AFB

m !SMS 11
1

x
@10.44 sin4f112.14 sin2b sin2f# D ,

AFB
t 5~AFB

t !SMS 11
1

x
@10.44 sin4f112.14 cos2b sin2f# D ,

Ae5Ae
SMS 11

1

x
@5.22 sin4f# D ,

At5At
SMS 11

1

x
@5.22 sin4f112.14 cos2b sin2f# D ,

sh
05~sh

0!SMS 11
1

x
@20.01 sin4f20.628 sin2f# D ,

MW5MW
SMS 11

1

x
@110.215 sin4f# D ,

Rb5Rb
SMS 11

1

x
@20.015 sin4f11.739 sin2f# D ,

Rc5Rc
SMS 11

1

x
@0.038 sin4f20.549 sin2f# D ,

Ab5Ab
SMS 11

1

x
@0.068 sin4f10.157 sin2f# D ,

Ac5Ac
SMS 11

1

x
@0.514 sin4f# D ,

AFB
c 5~AFB

c !SMS 11
1

x
@5.734 sin4f# D ,

whereb is the lepton mixing angle, which will be discusse
in the following sections. In this analysis we do not inclu
the measurement ofALR at SLC and the measurement ofAFB

b

at LEP. The quantityALR in the proposed model is identica
to Ae , therefore, this model cannot explain the discrepan
between the SLC measurementALR50.154760.0032 and
the LEP measurementAe50.139960.0073@9#. The SM pre-
dicts AFB

b 50.1040, which is more than 2s above the LEP
7-5
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TABLE I. Experimental data and predicted values of various electroweak observables in the SM a
proposed model~with different choices of parameters!, for as50.118 with mt5175 GeV andmH

5100 GeV. Case a: sin2b50, sin2f50.04, x520, MZ851.9 TeV, GZ85490 GeV. Case b: sin2b50.5,
sin2f50.04, x548 ~equivalently,MZ852.8 TeV, GZ85760 GeV) Case c: sin2b50.0, sin2f50.2, x5100
~equivalently,MZ852 TeV, GZ85100 GeV).

Observables Experimental data SM The model
Included in fit a b c

LEP1
gV(e) 20.036760.0015 -0.0374 -0.0374 -0.0374 -0.0375
gA(e) 20.5012360.00044 -0.50142 -0.50140 -0.50141 -0.50132
gV(m)/gV(e) 1.0260.12 1.00 1.00 1.01 1.02
gA(m)/gA(e) 0.999360.0017 1.0000 1.0000 1.0004 1.0000
gV(t)/gV(e) 0.99860.060 1.000 1.027 1.006 1.027
gA(t)/gA(e) 0.999660.0018 1.0000 1.0020 1.0004 1.0020
GZ(GeV) 2.494860.0025 2.4972 2.4999 2.4983 2.4992
Re 20.75760.056 20.747 20.770 20.757 20.770
Rm 20.78360.037 20.747 20.770 20.738 20.770
Rt 20.82360.050 20.795 20.730 20.786 20.730
sh

0(nb) 41.48660.053 41.474 41.422 41.452 41.422
Ae 0.139960.0073 0.1484 0.1485 0.1484 0.1487
At 0.141160.0064 0.1484 0.1521 0.1492 0.1523
Ae

FB 0.016060.0024 0.0165 0.0165 0.0165 0.0166
Am

FB 0.016360.0014 0.0165 0.0165 0.0166 0.0166
At

FB 0.019260.0018 0.0165 0.0169 0.0166 0.0170
Rb 0.217060.0009 0.2157 0.2165 0.2160 0.2165
Rc 0.173460.0048 0.1721 0.1719 0.1720 0.1719
AFB

c 0.074160.0048 0.0744 0.0744 0.0744 0.0746
SLD
Ab 0.90060.050 0.935 0.935 0.935 0.935
Ac 0.65060.058 0.668 0.668 0.668 0.668
Tevatron1 LEP2
MW(GeV) 80.43060.084 80.402 80.403 80.403 80.409
Not included in fit
AFB

b 0.098460.0024 0.1040 0.1041 0.1040 0.1043
ALR 0.154760.0032 0.1484 0.1485 0.1484 0.1487
it
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measurementAFB
b 50.098460.0024@9#. The new contribu-

tion in this model toAFB
b can be found as

AFB
b 5~AFB

b !SMS 11
1

x
@5.287 sin4f10.157 sin2f# D ,

~18!

which is positive and thus it worsens the discrepancy w
LEP data. Therefore, we cannot accommodate eitherALR or
AFB

b in this model at the 2s level.
Following Ref. @5# and using the most recent LEP an

SLC measurements@9#, shown in Table I~which includes the
total width of theZ bosonGZ , Re , Rm , Rt , the vectorgVe
and the axial-vectorgAe couplings of the electron, the ratio
gV(m,t) /gVe , gA(m,t) /gAe , AFB

e , AFB
m , AFB

t , Ae , At , MW ,
the hadronic cross sectionsh

0 , Rb , Rc , Ab , Ac , andAFB
c !,

we update the allowed values of sin2f andx at the 2s level.
The SM prediction for the observables listed in Table I
01500
h

given for mt5175 GeV, as50.118, mH5100 GeV,
1/a(MZ

2)5128.75, MZ591.187 GeV, andGF51.16637
31025 GeV22 @12#.

In Fig. 1 ~solid curve! we show the minimalZ8 mass as a
function of sin2f at the 2s level for the case that there is n
mixing in the lepton sector. We find thatMZ8 is constrained
to be larger than about 1.9 TeV.~At the 3s level, this cor-
responds to about 1.4 TeV.! In Fig. 2 ~solid curve!, we show
the constraint for the quantityx as a function of sin2f. We
find that x can be as small as 20 for the smallest value
sin2f ~50.04!, and it increases as sin2f increases. For ex-
ample, x.90 for sin2f.0.2. Furthermore, the quantit
sin2f/x is constrained by data to be less than about
31023 for a large range of sin2f.

We find the most important factor in constraining the fr
parameters of the model is the breakdown of the universa
property of the the gauge boson couplings to leptons. TheZ-
pole observable that imposes the most stringent constrain
the model isRt , which is the ratio of the partial deca
7-6
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widths of Z→t1t2 and the hadronic modes. The measu
ment of GZ also plays an important role secondary toRt ,
especially for small sin2f, due to the high precision of data
It is interesting to note that, as shown in Fig. 1~dotted
curve!, without including the leptonic observables from th
Z-pole data, i.e., only includingMW , Rb , Rc , Ab , Ac , and
AFB

c , the bounds onMZ8 is about 900 GeV at the 2s level.
Also, Fig. 2 ~dotted curve!, shows thatx.5 for sin2f
50.04 andx.24 for sin2f.0.2. In this case, the importan
constraint is coming from the measurement ofRb . The last
bound is relevant for models in which only the top and b
tom doublet has a different SU~2! gauge interaction@11#. In
Table I, we also show the predictions of this model for t
Z-pole observables with three choices of the parameterx,
sin2f, and sin2b.

FIG. 1. The lower bound on the heavyZ8 mass as a function o
sin2f at the 2s level. The solid curve is including all theZ-pole
data and assuming no lepton mixing. The dashed curve is inclu
all the Z-pole data and assuming maximal lepton mixing (sin2b
50.5). The dotted curve is only including the hadronic measu
ments in the fit and assuming no lepton mixing.

FIG. 2. The lower bound on the parameterx as a function of
sin2f at the 2s level. The solid curve is including allZ-pole data
and assuming no lepton mixing. The dashed curve is including
data and assuming maximal lepton mixing (sin2b50.5). The dotted
curve is including hadronic data only and assuming no lepton m
ing.
01500
-

-

IV. LOW-ENERGY CONSTRAINTS

Even though theZ-pole data already imposes significa
constraints, this model has a rich structure that can be fur
examined at much lower energy scales. In the following s
tions, we would like to examine those constraints obtain
from the low-energy hadronic, leptonic, and semilepto
data. We will concentrate on the very low-energy regim
i.e., physics at zero-momentum transfer, and exam
whether the parameters of the model can be better c
strained than those imposed by LEP and SLC data.

To study the low-energy region, it is necessary to und
stand the form of the four-fermion current-current interacti
at zero-momentum transfer. The four-fermion charge
current weak interactions are given by@5,13#

2

v2
~ j l

61 j h
6!21

2

u2
j h

1 j h
2 . ~19!

The first term refers to the SM contribution, while the seco
term expresses the new contribution to the order 1/u2. The
charged currentj l

6 refers to the first two fermion genera
tions, while j h

6 refers to the third generation. For examp

for the lepton sector,j h
15 t̄LgmntL

. We note that in the

above formula, the charged currentsj h
6 are written in terms

of the weak eigenstatestL andntL
and not the mass eigen

states.
Similarly, the neutral-current four-fermion interaction

are given by@5,13#

4

v2
~ j l

31 j h
32sin2u j em!21

4

u2
~ j h

32sin2f sin2u j em!2,

~20!

where, j l ,h
3 refers to the left-handedTl ,h

3 currents, whilej em

represents the full electromagnetic current of the three fa
lies. The first term refers to the SM contribution while th
second one represents the extra contribution. For exam
for the lepton sector,

j h
35 t̄LgmS 21

2 D tL1 n̄tLgmS 1

2D ntL
, ~21!

and

j em5ēgm~21!e1m̄gm~21!m1 t̄gm~21!t, ~22!

in terms of the weak eigenstates.
For clarity, we shall separately discuss below the effe

from the lepton and quark sectors to the lepton number v
lation phenomena, as well as the kaon and bottom phys

V. THE LEPTON SECTOR

As previously mentioned, lepton mixing is an interesti
feature of this model. However, because of the almost n
measurement ofm2→e2e1e2 and m2→e2g, we expect
the mixing between the first and second lepton families to
highly suppressed. Nevertheless, fermion mixing may

g

-
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-
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large between the third family and the first or second fam
To clarify this point, we write the unitary matrixLe , which
is introduced to diagonalize the mass matrixMe , in the gen-
eral form

Le5S L11 L12 L13

L21 L22 L23

L31 L32 L33

D . ~23!

It is easy to show that

Le
†GLe5S uL31u2 L31* L32 L31* L33

L31L32* uL32u2 L32* L33

L31L33* L32L33* uL33u2
D . ~24!

Thus, leptonic FCNC dynamics only depends on the th
row of the mixing matrixLe . In other words, we can only
probe the third row of the unitary matrixLe through the
leptonic FCNC processes.

Using the expression for the four-fermion neutral-curre
interaction, a direct calculation of the decay widthm→eee
yields

Br~m→eee!5
uL31u2uL32u2

4x2
@~ uL31u222 sin2f sin2u!2

14 sin4f sin4u#. ~25!

Notice that the partial decay width ofm→eee is already of
order 1/x2. Therefore, to keep the leading contribution
order 1/x2, we set the total decay width, used in the abo
equation, to be the SM value. The above branching ratio
to be compared with the very stringent limit set by da
which is less than 10212 @10#. Thus, a severe constraint o
the following combination is established:

uL31u2uL32u2 sin4f

x2
&1.6310211. ~26!

As shown in the previous section, theZ-pole observables
bound the quantity of sin2f/x to be less than 231023.
Therefore, taking sin2f/x;231023, we get

uL31u2uL32u2,431026. ~27!

Another process to consider ism→eg, which can only
occur via loop correction in this model. The experimen
limit on this branching ratio is found to be less than 4
310211 @10#. A one-loop calculation of the branching rat
in the model yields

Br~m→eg!.8.731024
uL31u2uL32u2

x2
~111.2 sin2f

11.2 sin4f!, ~28!

which implies
01500
.

d

t

e
as

l

uL31u2uL32u2

x2
,5.631028 ~29!

when compared with data. For the smallest possible valu
x(;20) allowed by theZ-pole data, the above constrain
yields

uL31u2uL32u2&2.231025, ~30!

which is weaker~by a factor of 5! than the one imposed b
the measurement ofm→eee. Other limits on FCNC pro-
cesses, such ast→eee, t→mmm, t→eem, are not as se-
vere as the ones mentioned above.~Their branching ratios
are typically bounded from above at the order of 1026 @10#.!

The above constraints on the elements of the lepton m
ing matrixLe can be automatically satisfied ifL3150 and/or
L3250, which means there is no mixing between the th
family and the first and/or the second family leptons. Con
quently, with this choice, this model predicts no transiti
betweenm ande leptons. Although both cases of lepton mi
ing are allowed, it is more natural to assume the mixi
strength between leptons to be directly related to th
masses. If so, one would expect the mixing between the
ond and third families to be more significant than the fi
and third families. Hence, in the following discussion, w
will assume that leptonic mixing is only allowed between t
second and third families~i.e., we setL3150).

The lepton-mixing matrix has the formLe
†GLe , given in

Eq. ~24!, where the matrixG is defined in Eq.~12!. Using the
unitarity of Le and takingL3150, we haveuL32u21uL33u2
51. Therefore, the mixing matrix between the second a
third lepton families can be simply expressed in terms o
one free real parameter, and the 232 mixing matrix can be
written as

S sin2b cosb sinb

cosb sinb cos2b D . ~31!

where sinb is a free parameter of the model for describi
the mixing between the second and third lepton families. T
phases in the matrixLe

†GLe can be simply absorbed in th
definitions of the lepton fields. It is easy to see that if there
no mixing among leptons, then all the leptonic decay ra
are identical to the SM, andt lifetime is not modified.~This
also explains whyGF5GF

SM from them decay if there is no
mixing between the first and second lepton families.! If the
lepton mixing involves the third family, then the lifetime o
the t lepton will be modified.

At this stage it is relevant to return back to the LEP a
SLC data and study the new constraints on the model
mixing betweenm and t is allowed. In this case we als
need to include the limit on the branching ratio ofZ→mt,
which is found to be less than 1.731025 at the 2s level
@10#. In Fig. 1 ~dashed curve!, we depict the new constraint
on sin2f andMZ8 for the case of a maximal possible mixing
i.e., sin2b50.5. We find that the lower limit on the heav
mass is reduced toMZ8'1.7 TeV, which is slightly lower
than that for the case of no mixing ('1.9 TeV). The reason
7-8
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for this lower bound is due to the reduced nonuniversal
fect in Rt . In Fig. 2 ~dashed curve! we show the new con
straint onx, assuming the maximal lepton mixing. We fin
that for the smallest value of sin2f50.04, the value ofx can
be as low as 20. For sin2f50.2, x.80. The quantity sin2f/x
is found to be less than about 0.3%. It is interesting to no
that the lower boundx520 is the same for both cases
sin2b50 and sin2b50.5. The reason is that for small value
of sin2f,0.2, the measurementGZ , which is independent o
the mixing angle sin2b, plays the important rule in constrain
ing the parameterx. In Table I, we give a few predictions o
this model with various sin2b for the Z-pole observables.

Next, we examine the other interesting low-energy le
tonic processes and ask whether we can learn more abou
proposed model. We start by examining the decay proc
t→mn̄mnt . In this model, both the charged and neutral c
rents contribute to the decay widthG(t2→m2n̄mnt). Add-
ing both contributions, we find

G~t2→m2n̄mnt!5GSM~t2→m2n̄mnt!

3S 11
3 cos2b sin2b

x D . ~32!

The only modification to the total decay width, at the ord
of 1/x, is coming from the partial decay widthG(t2

→m2n̄mnt). The partial decay widthG(t2→e2n̄ent) is not
modified because of the assumption of not↔e mixing. The
ratio G(t2→m2n̄mnt)/G(t2→e2n̄ent), can be written as

G~t2→m2n̄mnt!

G~t2→e2n̄ent!
5

Br~t2→m2n̄mnt!

Br~t2→e2n̄ent!

5 f ~mm /mt!S 11
3 cos2b sin2b

x D ,

~33!

where f (mm /mt) is a phase factor given by@14#

f ~y!5128y218y62y8224y4ln ~y!. ~34!

Hence, an increase by a factor of 3 cos2b sin2b/x is expected
in the above ratio.

The experimental measurement of G(t2

→m2n̄mnt)/G(t2→e2n̄ent) can directly constrain the
quantity cos2b sin2b/x. As shown by the Particle Data Grou
~PDG! @10#, for the ratio G(t2→m2n̄mnt)/G(t2

→e2n̄ent), the average of the available experimental d
yields 0.97860.011 while the result of a global fit give
0.97660.006. In this model, new decay channels for thet
lepton can occur, e.g.,t→mmm andt→mg. However, as to
be discussed below, their decay widths can only be modi
at the order 1/x2. Thus, to the order 1/x, we can use both
data, the average and the fit results, to constrain the pa
eterx. Using the PDG data average and assuming a max
lepton mixing sin2b50.5, we findx.27 at the 2s confi-
dence level. On the other hand, using the PDG fit result
01500
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find x.48. The difference in thex range, 27 to 48 can then
be interpreted as the theoretical error in our model.

For a lepton mixing angle sin2b smaller than 0.5, the con
straint on the parameterx is more relaxed. If there is no
lepton mixing at all, then the decay width oft2→m2n̄mnt is
not modified as compared with the SM prediction. Since t
decay width is independent of the parameter sin2f ~gauge
coupling! and the only dependence besides lepton mixing
the parameterx ~the ratio of the two symmetry-breakin
scales of the gauge group!, this measurement imposes a d
rect and significant constraint onx for a nonvanishing sin2b.

Another interesting process for testing this model is
detectt→mmm. One can show that,2 keeping the leading
contribution in 1/x,

Br~t2→m2m2m1!

Br~t2→m2ntn̄m!

5
sin2b cos2b

4x2
~sin4b24sin2b sin2u sin2f

18 sin4f sin4u!. ~35!

This decay width will also impose a direct constraint on t
parameters of the model. For sin2b50.5 and sin2f50.04, the
predicted branching ratio is

Br~t2→m2m2m1!.
0.0025

x2
. ~36!

If we compare this effect with data which is found to be le
than 1.931026 @10#, the parameterx is constrained to be
above 37, which is consistent with the constraintx
.27–48) derived from the measurement of Brt

→mn̄mnt)/Br(t→en̄ent).
Other processes to consider is the lepton number viola

processt→mg, which can only occur in this model at th
loop level. For this process, up to the order 1/x, there are four
diagrams which contribute to the one-loop amplitude, T
of those diagrams involve either twoW or two W8 exchange.
The other two diagrams involveZ or Z8 exchange~due to
FCNC!. A detailed calculation of the branching ratio yield

Br~t→mg!.1.531024
sin2b cos2b

x2
~111.2 sin2f

11.2 sin4f!. ~37!

This result has to be compared with the limit imposed
data~less than 4.231026 @10#!. For a maximal possible mix-
ing effect, the present limit on the above branching ratio
not of any significance in constraining the values ofx
(.3).

2Our prediction for Br(t→mmm) is slightly different from that in
Ref. @7#.
7-9
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The final leptonic observable we consider is the anom
lous magnetic dipole moment of the muon,am5 1

2 (g22)m .
A precise measurement ofam is underway at Brookhaven
National Laboratory~BNL! with a perspective goal@15# of

Dam
exp54.0310210. ~38!

At this level of accuracy, higher-order electroweak corre
tions become important and new physics at higher ene
scales can be probed.

The one-loop electroweak contribution toam as predicted
by the SM is@16#

am
weak'19.5310210. ~39!

In our proposed model the one-loop electroweak contribu
is modified due to the modified couplings and the new he
gauge bosons. We calculate the new contribution toam at the
one-loop level. We find the new contribution to the anom
lous magnetic dipole moment to be

am
new'am

weaksin2b

x
. ~40!

Using theZ-pole constraints, for a maximal mixing, sin2b
50.5 andx>20 we conclude that the new contribution do
not exceed the level of 0.5310210. Therefore, the predicted
new effect toam is too small to be detected even at t
perspective precision at BNL.

In conclusion, assuming the third family lepton does n
mix with the first family lepton, then the partial decay width
of m→eee, m→eg, andt→en̄ent are not modified. How-
ever, for the maximal mixing case, the measurement of
ratio G(t→mn̄mnt)/G(t→en̄ent) constraint the paramete
x.27–48. Also the lepton number violation processt
→mmm provides the constraintx.37 consistent with the
above measurement. Therefore, the above two measurem
give a stronger constraint than theZ-pole data for sin2f
,0.1 ~cf. Fig. 2!. On the other hand, given the current e
perimental data, the decay processt→mg and the anoma-
lous magnetic dipole moment of the muon have not
played a significant role in constraining the model. Nevert
less, if the above discussed processes can be measure
better accuracy in future experiments, they can further
the proposed model. In discussing the predictions of
model to other low-energy processes we will use the ra
x>20 for sin2b50.0, andx>48 for sin2b50.5.

VI. THE QUARK SECTOR

The quark sector has a far more rich structure than
lepton sector in this model. To completely describe the
teractions of gauge bosons and quarks, it requires two m
ing matricesLu andLd because both the up- and down-ty
quarks are massive. As noted in Eq.~14! the neutral-current
mixing matrices (Lu

†GLu and Ld
†GLd) are related to the

charged-current mixing matrix (Lu
†Ld). Because of the ex

perimental evidence of the CKM matrix in charged curren
01500
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FCNC’s must occur in the interaction of quarks to gau
bosons.

First we make the following observation. Assume neith
up- or down-type quark sectors has FCNC, i.e., assumeLu
~andLd) has the general form

Lu5S u11 u12 0

u21 u22 0

0 0 u33

D . ~41!

It is straightforward to show thatLu
†GLu5Ld

†GLd5G and
that the charged-current mixing matrixV5Lu

†Ld has the
same general form asLu andLd . This means thatV will only
mix the first and second generation, i.e., the CKM matrix
a 232 matrix. Therefore, unless we assume the existenc
FCNC’s in the quark sector, this model cannot explain so
observed decay processes, such asBd

0→J/c(1S)K0, in

which b→cW* →cc̄s whose branching ratio was measur
to be (7.562.1)31024 @10#. Hence, FCNC’s must exist in
the quark sector.

Based on the above observation, FCNC data in the qu
sector can be used to further test this model. FCNC’s in
quark sector can be realized in three possible ways:~i! in the
down-quark sector only,~ii ! in the up-quark sector only, an
~iii ! in both sectors. All the three possibilities have to co
front the large body of existing low-energy data. In the fo
lowing, we investigate these three possibilities, separate

A. Mixing in the down-quark sector

Here, we consider the case that only down-type qua
can mix, so thatLu

†GLu5G, and Ld
†GLd5V†GV. In this

case, the quark interactions to the gauge bosons are give
Eq. ~14! with the above substitutions. Similar to the SM cas
the mixing matrixV contains the same number of indepe
dent parameters, namely, three real parameters and
phase. Therefore, there is no extra parameter in the q
sector in spite of the new features of the model. This impl
that FCNC processes are completely determined by the
trix V in addition to the other two parameters sin2f and x.
The matrixV†GV can be explicitly written as

V†GV5S uVtdu2 VtsVtd* VtbVtd*

VtdVts* uVtsu2 VtbVts*

VtdVtb* VtsVtb* uVtbu2
D . ~42!

It is interesting to notice that the matrix elements ofV†GV
are naturally small, so that we generally do not expect la
effects in FCNC processes.

1. Charged-current phenomenology

In general, this model predicts new contributions
charged-current processes as well. Under the down-qu
mixing scenario, the nonstandard contribution to charg
current processes is given in Eq.~19!, where j h

25 t̄ LgmbL ,
written in terms of the weak eigenstatestL andbL . Since we
assume no FCNC’s in the up-type quark sector, the top qu
7-10
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does not mix with the other up-type quarks at tree lev
Furthermore, for the low-energy charged-current observa
~with momentum transferq2 much less thanMZ

2), the top
quark does not contribute at tree level. Hence, we concl
that under this scenario, no new physics effect to the lo
energy charged-current interaction is expected at tree le
Therefore, the values of the CKM matrix elements extrac
from low-energy charged-current data coincide with those
the SM.

2. Neutral-current phenomenology

On the contrary, the neutral-current hadronic and semi
tonic interactions can be modified at tree level for the cas
down-type quark mixing. The nonstandard contribution
neutral-current processes is given in Eq.~20!, wherej h

3 con-

tains b̄Lgm(21/2)bL , written in terms of the weak eigen
state. In terms of the mass eigenstates, the following curr
are generated:uVtdu2d̄LgmdL , uVtsu2s̄LgmsL , uVtbu2b̄LgmbL ,
Vtd* Vtsd̄LgmsL , Vtd* Vtbd̄LgmbL , and Vts* Vtbs̄LgmbL , whose
effects to low-energy FCNC data are discussed as follow

The first interesting process to investigate is theK0-K̄0

mixing, whose transition amplitude receives in this mode
new contribution at the tree level. Up to the order of 1/x, it is

T5
A2GF

x
~VtdVts* !2@ s̄LgmdL#@ s̄LgmdL#. ~43!

In the SM, ignoring the QCD corrections, the short distan
transition amplitude induced from box diagrams for t
K0-K̄0 mixing is given by@17,18#

TSM5
GF

2MW
2

p2
@lc

2S~yc!1l t
2S~yt!12lcl tS~yc ,yt!#

3@ s̄LgmdL#@ s̄LgmdL#, ~44!

where yc5mc
2/MW

2 , yt5mt
2/MW

2 , lc5Vcs* Vcd , l t

5Vts* Vtd , and the functionsS(y) and S(yc ,yt) are the
Inami-Lim functions@18#:

S~y!5yF1

4
1

9

4

1

12y
2

3

2

1

~12y!2G2
3

2 F y

12yG3

ln y ,

S~yc ,yt!52yc ln yc1ycF yt
228yt14

4~12yt!
2

ln yt1
3

4

yt

yt21G .

~45!

When comparing the nonstandard and the SM amplitu
which is proportional to theDM ratio, we find approximately

DM

DMSM
5

T

TSM
&

4

x
, ~46!

in which we have usedmt5175 GeV, mc51.5 GeV,
MW580.4 GeV, and all the CKM elements are taken fro
Refs. @10,19#. For x.20 ~implied by Z-pole data!, it would
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correspond to a change in the transition amplitude by l
than about 20%. Although the mass difference betweenKL
andKS states has been measured experimentally with a g
accuracy~about 0.4%!, the theoretical uncertainty in the lon
distance part of the contribution remains to be improv
~Currently, its uncertainty is about 40% to 60%@17#.! To use
the K0-K̄0 mixing data to further test this model requires
better understanding of the long-distance contribution.

It is well known that the rare decay processK1→p1nn̄
is one of the best places to search for new physics. Thi
because its decay rate has a small theoretical uncertainty
the long-distance contribution has been estimated to be
than 1023 of the short-distance contribution@20#. Recently,
E787 collaboration reported the first observation consis
with this decay rate and obtained Br(K1→p1nn̄)54.223.5

19.7

310210 @21#. The branching ratio predicted by the SM
BrSM(K1→p1nn̄)5(9.163.8)310211, where the error is
dominated by the uncertainties of the CKM matrix eleme
@22#.

Since under the scenario considered, this process can
cur at the tree level through the flavor-changing neutral c
rent s→dZ→dnn̄, it can be used to test the model. Th
expected branching ratio, normalized to the predic
branching ratio forK1→p0e1ne , can be written as

Br~K1→p1nn̄!

Br~K1→p0e1ne!
5

1

4x2 S uVtdu2uVtsu2

uVusu2
D . ~47!

It is obvious that the partial decay width ofK1→p0e1ne
predicted by this model coincides with the SM prediction
tree level for the undertaken scenario that the third fam
lepton does not mix with the first family lepton. Therefor
assuming the experimental data Br(K1→p0e1ne)5(4.82
60.06)31022 @10# to be consistent with the model, we ca
compare the predicted Br(K1→p1nn̄) with the E787 result.
After spanning all the allowed values of the CKM elemen
we find that

Br~K1→p1nn̄!&
1.131027

x2
, ~48!

in which we have included all three neutrino species, i
nmn̄m , ntn̄t , nmn̄t , and ntn̄m , so that the lepton mixing
angle dependence cancel. Comparing this branching r
with the E787 result, we can set a lower boundx.7 at the
2s level based on one observed event. Forx.20 ~as implied
by Z-pole data!, this branching ratio is smaller than about
310210, which is however larger than the SM prediction b
almost an order of magnitude.

The measurement of Br(K1→p1nn̄) is highly valuable
in our analysis because it is independent of the parame
sin2b and sin2f. It directly constrains the parameterx inde-
pendently of the other parameters. Hence, an improvem
on the measurement of this branching ratio is very import
to test this model.

Similarly, this model predicts nonstandard effects for b
tom quark physics. The important process to conside
7-11
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Bq
0-B̄q

0 mixing where a new effect is expected to occur at t
level. The tree-level transition amplitude is found to be

T5
A2GF

x
~Vtq* Vtb!2@ q̄LgmbL#@ q̄LgmbL#. ~49!

The new contribution can be compared with the SM pred
tion which is given by

TSM5
GF

2MW
2

p2
~Vtq* Vtb!2@ q̄LgmbL#@ q̄LgmbL#S~yt!, ~50!

where S(y) is given in Eq. ~45! with yt5mt
2/MW

2 . After
substituting all the relevant variables by their numerical v
ues, we find

DMBq

~DMBq
!SM

5
T

TSM
5

72

x
. ~51!

With the limit onx (.20) imposed by theZ-pole data alone,
we expect the new contribution to reach the level of 36
for the small possible values ofx. In the case that the third
and the second generation fermions mix with the maxim
strength, the Br(t→mn̄mnt) data requiresx.48, so that the
new contribution to theBq

0-B̄q
0 mixing is expected to be les

than 150%.
The measured value ofDMBd

50.47060.019 ps21 @10#

can be used to find the CKM elements productuVtdVtb* u
which yields uVtdVtb* u50.008460.0018 for the SM@10#. In
the proposed model, the prediction forDMBd

is larger than

the SM value by a factor 1172/x ~adding both SM and the
new effect!. Therefore, the extracteduVtdVtb* u will be modi-
fied accordingly. For example, forx520, we find 0.0022
,uVtdVtb* u,0.0056 at the 2s level. This shift is not expected
to appreciably affect the unitarity condition@19#

uVtdu21uVtsu21uVtbu250.9860.30. ~52!

For example, forx>20 the deviation from unity will be of
the order;(72/x)uVtdu2&731024, which is much smaller
than the present errors. Also, it is clear that the predic
ratio DMBd

/DMBs
in our model is the same as the SM pr

diction. Therefore, the extracted ratiouVtd /Vtsu yields the
same SM result.

Next, we consider the CLEO limit on Br(b→sl 1l 2)
and study its impact on the model. At tree level, the expec
branching ratio is given by

Br~b→sm2m1!

Br~b→cm2n̄m!
5

1

4x2

uVtsVtbu2

uVcbu2f ~z!

3~sin4b24 sin2b sin2f sin2u

18 sin4u sin4f!, ~53!
01500
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where f (z) is given in Eq. ~34! and wherez5mc /mb

@22,23#. Using the experimental data Br(b→cm2n̄m)
5(10.560.5)% @24#, we get

Br~b→sm2m1!&
2.131022

x2
~54!

after spanning the allowed values of the CKM matrix e
ments with sin2b50.5 and sin2f50.04. To agree with the
CLEO upper limit, 5.831025 @25#, x is found to be larger
than 19, which should be compared with the boundx
.48) obtained from the Br(t→mn̄mnt)/Br(t→en̄ent) data.
To reach the same sensitivity as thet decay for sin2b50.5,
the measurement of Br(b→sm2m1) has to be improved by
a factor of 10, although in general, they have different d
pendence on sin2b. An old UA1 upper limit on Br(b
→sm2m1),5.031025 @26# is slightly better than the recen
CLEO limit. The old UA1 upper limit constrainsx to be
larger than 20.

With the assumption that lepton mixing is only prese
between the third and the second generation, there is no
contribution to the decay rate ofb→se1e2. If we assume
the opposite, namely that mixing is significant between
first and third generation, then we expect the decay rate
b→se1e2 to dominate the decay rate ofb→sm1m2. Since
the CLEO bound on Br(b→se1e2), less than 5.731025

@25#, is similar to the bound on themm channel, we expect a
similar conclusion on constraining the parameterx. Further-
more, the decay rate ofb→se6m7 is highly suppressed be
cause of the severe constraint on thee-m mixing established
from the decay ofm→eeeandm→eg, as discussed in Sec
V. On the other hand, the branching ratio Br(b→sm6t7)
predicted in this model is of the same order as Brb
→sm2m1). In the limit of ignoring the mass difference be
tweent and m, it can be obtained from Eq.~53! by multi-
plying a factor of 2 cot2b and setting sin2f50. Since this
decay mode is absent in the SM, it can be very usefu
further test the model.

Similarly, our model predicts a tree-level contribution
the processb→snn̄, whose branching ratio, when norma
ized by Br(b→cm2n̄m), is given as

Br~b→snn̄!

Br~b→cm2n̄m!
5

1

4x2

uVtsVtbu2

uVcbu2f ~z!
, ~55!

wheref (z) is given in Eq.~34! andz5mc /mb @22,23#. In the
above result we summed over all neutrino flavors, therefo
the sin2b dependence cancels. Using the experimental d
Br(b→cm2nm̄)5(10.560.5)% @24#, we conclude

Br~b→snn̄!&
9.131022

x2
~56!

after spanning the allowed values of the CKM matrix e
ments. It is interesting to notice that the predicted branch
ratio is independent of sin2b and sin2f similar to the case of
Br(K1→p1nn̄). To agree with the experimental uppe
7-12
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limit, which is 3.931024 @27#, it requiresx.15, indepen-
dent of the parameters sin2f and sin2b. Currently, for Br(b
→snn̄) to reach the same sensitivity ast decay for sin2b
50.5, the measurement of Br(b→snn̄) has to be improved
by a factor of 10.

Another interesting process to consider is the decayBs,d
→l 1l 2. At tree level, the decay rate is given by

G~Bq→t1t2!5
GF

2 f Bq

2 mBq
mt

2uVtbVtqu2

4px2

3~cos2b24 sin2u sin2f!2S 12
4mt

2

mBq

2 D 3/2

.

~57!

Using the values cos2b50.5, sin2f50.04, mBs
55.369 GeV,

and f Bs
50.23 GeV @28#, the branching ratio Br(Bs

→t1t2) is given as

Br~Bs→t1t2!5
4.631023

x2
. ~58!

For x>48, it corresponds to Br(Bs→t1t2)&2.0
31026, which is of the same order as the SM predicti
@22#. For the processBd→t1t2, with mBd

55.279 GeV

and f Bd
50.18 GeV @28#, the branching ratio Br(Bd

→t1t2) is given as

Br~Bd→t1t2!5
2.431024

x2
. ~59!

For x>48, it corresponds to Br(Bd→t1t2)&1.0
31027, which is again of the same order as the SM pred
tion @22#.

Next, consider the decay rates ofBs,d→m1m2. At tree
level, the decay rate is given by

G~Bq→m1m2!5
GF

2 f Bq

2 mBq
mm

2 uVtbVtqu2

4px2

3~sin2b24 sin2u sin2f!2S 12
4mm

2

mBq

2 D 3/2

.

~60!

Using the values sin2b50.5, sin2f50.04, and f Bs

50.23 GeV @28#, the branching ratio Br(Bs→m1m2) is
given as

Br~Bs→m1m2!5
3.831025

x2
. ~61!

For x>48, we find Br(Bs→m1m2)&1.731028.This result
is smaller than the current experimental upper limit, 2
01500
-

31026 @29#, by about two orders of magnitude. Similarly
the branching ratio ofBd→m1m2 is given as

Br~Bd→m1m2!5
2.031026

x2
. ~62!

For x>48, we find Br(Bd→m1m2)&8.8310210. Again,
this result is smaller than the experimental upper limit, 8
31027 @29#, by three orders of magnitude.

Finally, we note that in this model, with lepton mixing,
is possible to have the decay modes ofBd,s→m6t7, which
are absent in the SM. In the limit of ignoring the mass d
ference betweent andm, with maximal lepton mixing, their
branching ratios are about twice those for thett modes.
Hence, detecting such nonstandard decay modes can fu
constrain the model, especially on the lepton mixing para
eter sin2b.

In conclusion, under the down-type quark mixing sc
nario, the decay width ofK1→p0e1ne is not modified at
tree level, assuming the third family lepton does not m
with the first family lepton. The branching ratios ofK1

→p1nn̄ can be an order of magnitude larger than the S
prediction, and can be tested at Kaon factories. The effec
theK0-K̄0 mixing is of the same order as the SM predictio
which can prove to be useful if the long-distance contrib
tion can be better understood theoretically. Similarly, t
branching ratio Br(b→snn̄) is modified and can be an orde
of magnitude larger than the SM prediction. Furthermo
since the branching ratios Br(K1→p1nn̄) and Br(b
→snn̄) do not depend on sin2f and sin2b, they can be ex-
tremely useful in constraining the remaining parameterx.

The current data on the branching ratios ofBs,d
→t2t1,m2m1 andb→sm2m1,se2e1 does not impose a
better constraint on the model than that by theZ-pole mea-
surements. However, with a much larger statistics of the d
in the B factories, we expect it to be improved. Since th
model also predicts non-SM decay modes, such asb
→sm6t7 andBs,d→m6t7, with comparable branching ra
tios, they should be measured to test the model prediction
the lepton mixing dynamics~i.e., sin2b dependence!. For the
range of the parameterx consistent with theZ-pole data, it is
found that in this model a new contribution to theB0-B̄0

mixing can reach the range of 150–360 %.
As a summary, in Table II we give the lower bound on t

parameterx derived from including the low-energy data a
well as theZ-pole data. We consider two cases. Case I:
lepton mixing (sin2 b50). Case II: Maximal lepton mixing
(sin2 b50.5). In both cases we set sin2 f50.04, since it cor-
responds to the minimal value ofx. Also, in Table III we
tabulate the predictions of this model for various decay p
cesses. Two cases are considered, one for sin2b50.0 andx
520, another for sin2b50.5 andx548. For both cases we
set sin2f50.04.

B. Mixing in the up-quark sector

In this section we assume that no mixing occurs in
down-type quarks, so thatLd

†GLd5G, andLu
†GLu5VGV†.

In this case, the quark interactions to the gauge bosons
given in Eq.~14! with the above substitutions. Similar to th
case of down-type quark mixing, the FCNC interactions
7-13
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completely determined by the CKM matrixV and the two
parameters sin2f andx. The matrixVGV† can be explicitly
written as

VGV†5S uVubu2 VubVcb* VubVtb*

VcbVub* uVcbu2 VcbVtb*

VtbVub* VtbVcb* uVtbu2
D . ~63!

Again, because the elements of the matrixV†GV are natu-
rally small, we do not expect large effects in the FCNC p
cesses.

1. Charged-current phenomenology

The nonstandard contribution to charged-current p
cesses is given in Eq.~19!. In terms of the mass eigenstat
and assuming no mixing in the down-type quarks,j h

2 con-
tains the following charged currents:

j h
25VubūLgmbL ,Vcbc̄LgmbL ,Vtbt̄ LgmbL . ~64!

It is important to note that only theb quark, among the
down-type quarks, appears inj h

2 , which implies that new
effects in the charged currents must involve theb quark.
Because the nonstandard contribution has the formj h

1 j h
2 , the

only nonvanishing effect we expect in the pure hadro
charged-current interaction~at the leading order in 1/x) is
that with ab quark in both currents, i.e., withDB50. There-
fore, no new effect is expected in any of the hadronic de
channel ofK, D, andB mesons.

Next, let us consider the semileptonic decay proces
The relevant hadronic currents are

VubūLgmbL ,Vcbc̄LgmbL , ~65!

while the relevant leptonic currents are

sin2bm̄LgmnmL , cos2bt̄LgmntL ,

sinb cosbm̄LgmntL, sinb cosbt̄LgmnmL . ~66!

It is clear that new effects in the charged-current semil
tonic decays are only expected in theb-quark system. Ex-
plicitly, the decay processesb→u(m,t)(nm ,nt) will receive
new contributions induced by the following interactio
terms:

2A2GFVub

x
$sin2b~ ūLgmbL!~m̄LgmnmL!,

cos2b~ ūLgmbL!~ t̄LgmntL!%,

2A2GFVubsinb cosb

x
$~ ūLgmbL!~m̄LgmntL!,

~ ūLgmbL!~ t̄LgmnmL!%.

A similar expression for theb decay to the charm can b
obtained withVub replaced byVcb . Hence, we expect an
01500
-

-

c

y

s.

-

increase in theb-quark semileptonic decays as compared
the SM. As an example, the branching ratio ofBd

0

→D2l 1n andBs
0→Ds

2l 1n is predicted to be

Br~B0→D2l 1n!5BrSM~B0→D2l 1n!S 11
2

xD ,

~67!

where all the three lepton~including neutrino! flavors are
included.~Note that the sin2b dependence cancels.! With x
.20, imposed byZ-pole data, we do not expect the ne
physics effect to exceed 10%. Because of the large un
tainty ~exceeding 25%@10#! of the present data, these pro
cesses do not offer a stringent constraint on the model. W
more statistics of the future data, these decay processes
be useful for constraining the parameterx.

Under this scenario, we conclude that the values of
CKM matrix elements extracted from tree-level proces
not involving theb quark are not modified by the model. I
other words, the extracted values of the CKM elements,Vud ,
Vus , Vcd , and Vcs , for the SM and this model coincide
However, the matrix elementsVub and Vcb are modified
slightly. To explore this effect, let us consider the transiti
b→um2nm̄. Its amplitude is modified withVub replaced by
Vub(11sin2b/x). Therefore, the extracted experimental val
of Vub , assuming the validity of the SM, is equivalent to th
quantity Vub(11sin2b/x) in this model. From the data, th
unitarity condition for the SM reads as@19#

uVudu21uVusu21uVubu250.99760.002. ~68!

Hence, at the 2s level, we conclude thatx>0.05 sin2b. It is
clear that the unitarity condition does not add any use
constraint on the model after testing against theZ-pole data
which requiresx.20.

2. Neutral-current phenomenology

First, let us consider neutral-current processes of had
hadron interactions. In this case, the relevant neutral curr
are

j h
35 t̄ LgmS 1

2D tL ,b̄LgmS 2
1

2DbL , ~69!

written in terms of the weak eigenstates, which yields
following four-fermion interaction current in terms of th
mass eigenstates:

uVubu2ūLgmuL ,uVcbu2c̄LgmcL ,VubVcb* ūLgmcL . ~70!

In the four-fermion neutral-current interaction we notice th
the d ands quarks will appear only through the electroma
netic currentJem @cf. Eq. ~20!#. Because of the structure o
the neutral-current interaction, new physics can only cont
ute to processes withDB50. Thus, neither theB hadronic
decay nor theB0-B̄0 mixing is modified at tree level in this
model. Similarly, we conclude that new effects must ha
DS50 in pure hadronic interaction. Therefore,K0-K̄0 mix-
ing is not modified. We conclude that new physics effects
7-14
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the pure hadronic decay modes, are only expected in
c-quark decay channels and also in theD0-D̄0 mixing. Nev-
ertheless, the new physics contributions to the hadro
c-quark decay modes are naturally small because the FC
couplings predicted by this model at tree level are suppres
by products of CKM matrix elements. This leaves the pos
bility of new physics in theD0-D̄0 mixing which we inves-
tigate here. The SM short distance contribution toD0-D̄0

mixing is highly suppressed relative to theK0-K̄0 mixing
@30#. The short distance SM amplitude ofD0-D̄0 is given, to
leading order, as

TSM5
GF

2MW
2

p2
lsld

ms
4

MW
2 mc

2 ~O12O8!, ~71!

wherems is the strange-quark mass,mc is the charm-quark
mass,ls5Vcs* Vus , ld5Vcd* Vud , and

O5@ ūLgmcL#@ ūLgmcL#, ~72!

O85@ ūRgmcR#@ ūRgmcR#. ~73!

Therefore, one finds@30#

DmD
SM'

GF
2MW

2

4p2
Re~lsld!

ms
4

MW
2 mc

2

8

3
mDf D

2 , ~74!

wheremD is theD0 meson mass andf D is its decay constant
Numerically, we find

DmD
SM'0.7310217 GeV, ~75!

where we used the valuesmD51.864 GeV @10# and f D

50.2 GeV @30#. The dispersive contribution to theD0-D̄0

mixing is not well determined and different calculations e
timate the effect to be one to two orders of magnitude lar
than the short distance effect@30#. Thus, the SM prediction
for the D0-D̄0 mixing is still too low as compared with th
experimental upper bound@10#

DmD
exp,1.6310213 GeV. ~76!

This leaves a plenty of room for new physics effect contr
uting in theD0-D̄0 mixing. In our model,D0-D̄0 mixing can
occur at the tree level under the up-quark mixing scena
The amplitude is

Tnew5
A2GF

x
~Vcb* Vub!

2@ ūLgmcL#@ ūLgmcL#. ~77!

Therefore, we find

DmD
new5

A2GF

x
Re~Vcb* Vub!

2
2

3
mDf D

2 . ~78!

For x>20, the new contribution gives

DmD
new<0.15310214 GeV, ~79!
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which can be two orders of magnitude larger than the S
short distance contribution. Therefore, we find in our mo
the measurement ofD0-D̄0 mixing case to be interesting
with an expected enhancement in the short distance co
bution when compared with the SM case.

Second, let us consider the semileptonic decays. Ag
we do not expect any new effects in theb-quark semileptonic
decays because of the requirementDB50. Effects are only
expected in the charm decay where we get interactions of
form

A2GF

x
Vub* Vcb~ ūLgmcL!@sin2b~m̄LgmmL!

22 sin2f sin2u~m̄gmm!#. ~80!

Because of the large suppression factorVub* Vcb and large
error on present experimental data, it is extremely difficult
gain any further information about the model from the sem
leptonic decay channels of charm hadrons.

The only suspected new effect in theb-quark system is
through theY(1S) decay. In this case, the decay procee
throughbb̄→g,Z,Z8→m1m2. At tree level, the new contri-
bution is expressed through the interaction term

A2GF

x S ~ b̄LgmbL!2
2

3
sin2f sin2u~ b̄gmb! D

3@sin2b~m̄LgmmL!22 sin2f sin2u~m̄gmm!#. ~81!

For very small values of sin2f and for large possible lepton
mixing ~i.e., large sin2b), we can approximate the above in
teraction relevant toY(1S)→m1m2 as

A2GF sin2b

x
~ b̄LgmbL!~m̄LgmmL!. ~82!

Needless to say, the dominant contribution to theY(1S)
decay width is coming from the photon exchange. The n
standard contribution predicted by this model can be e
mated as follows. The amplitudeY(1S)→l 1l 2 can in
general be written as@2#

T„Y~1S!→l 1l 2
…52

4pa

3MY
2 ^0u~bb!VuY&@r V~ l l !V

1r A~ l l !A#. ~83!

For the dominant photon contribution,r V51 andr A50. In
the case of thet lepton mode, these couplings in the pr
posed model will be modified into

r V512
3MY

2 cos2b

16 sin2uMW
2 x

, ~84!

r A5
3MY

2 cos2b

16 sin2uMW
2 x

. ~85!
7-15
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A similar relation holds for them lepton mode, but with
cos2b replaced by sin2b. The ratio of thet lepton decay rate
to them lepton decay rate is

G„Y~1S!→t1t2
…

G„Y~1S!→m1m2
…

5A124
mt

2

MY
2 S 112

mt
2

MY
2 D

3F12
3MY

2

8 sin2uMW
2 x

~cos2b2sin2b!G , ~86!

which amounts to a new effect of the order

22.331022
1

x
~cos2b2sin2b!. ~87!

Therefore, the expected maximal deviation is less th
60.1%, forx>20. ~It vanishes for the maximal lepton mix
ing scenario, i.e., for sin2b50.5.! The current experimenta
error is at the percent level@10#, so that it does not provide
additional constraints on the model. However, it is intere
ing to notice that the sign of the deviation is governed by
difference cos2b2sin2b. Future measurements with muc
less error can be used to determine the lepton mixing an
Finally, we note that the non-SM decay modeY(1S)
→m6t7 is expected by this model with a branching ra
less than 4310210. Since this decay process is not allow
by the SM, it can provide a significant constraint on t
lepton mixing parameter sin2b.

The above discussion is valid for tree-level contributio
We now consider whether one-loop effects can be signific
to some observables, such as theK0-K̄0, B0-B̄0 mixing, and
the decay branching ratio ofb→sg.

3. One-loop effects

In the SM,K0-K̄0 andB0-B̄0 mixing are induced via one
loop W-W exchange box diagrams. In this model and un
the scenario of a trivialLd , theK0-K̄0 andB0-B̄0 mixing can
occur at the one-loop level through box diagrams involv
the exchange ofW and/orW8 gauge bosons. In addition t
the SM diagrams, there are four box diagrams with oneW
and oneW8 exchange. Diagrams with twoW8 exchange do
not contribute at the order 1/x but at the higher order 1/x2.

For the case ofK0-K̄0 mixing, we calculate the one-loo
amplitude and compare with the short distance contribu
of the SM. Substituting the values ofMW , mt , mc , and the
VCKM elements@10#, we find

T

TSM
5

DM

DMSM
&3.431023

sin4f

x
. ~88!

Since constraints imposed by theZ-pole data require
sin2f/x,0.3%, the new effect on theK0-K̄0 are extremely
small and of no relevance to the discussion.
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Next, let us consider theBq-B̄q mixing. The leading SM
one-loop amplitude is given in Eq.~50!. Similar to theK0-K̄0

case, we include the additional box diagrams that contrib
at the order 1/x, we find

T

TSM
5

DMq

DMq
SM

5
2 sin2f

x
22.24

sin4f

x
. ~89!

Using theZ-pole constraint (x.20 for sin2f.0.04), we ex-
pect the new effect on the amplitude not to exceed 0.
relative to the SM. Therefore, we do not expect a large n
effect on theBq-B̄q mixing at the one-loop level for the cas
of trivial Ld .

Finally, let us consider the decay ofb→sg. The SM am-
plitude for the processb→sg is given by@31#

TSM5
1

16p2

mb

M2 S eg2

4
Vts* VtbD @ ūs~11g5!~2p.«2«mgm!ub#

3$T11T2%, ~90!

where

T15
1

~y21!4 Fy4

2
1

3

4
y32

3

2
y21

1

4
y2

3

2
y3ln yG , ~91!

T25
Qt

~y21!4 Fy4

4
2

3

2
y31

3

4
y21

1

2
y1

3

2
y2ln yG , ~92!

andQt52/3 is the electric charge of the top quark.
In this model, theb→sg amplitude will be slightly

changed due to the modified couplings. The only diagra
we need to consider are the usualW exchange penguin dia
grams. Since the fermion couplings are slightly modifie
these diagrams will contain an extra contribution with r
spect to the SM. The penguin diagrams withW8 exchange do
not contribute to the order 1/x. We calculate the new ampli
tude as predicted by the model and compare it to the SM o
After substituting the values ofMW andmt , we find

T

TSM
521.7

sin2f

x
11.4

sin4f

x
. ~93!

Therefore, for theZ-pole limit (x.20), we expect the new
contribution not to exceed 0.3% of the SM.

In conclusion, under the up-type quark mixing scenar
this model does not modify theK0-K̄0, B0-B̄0 mixing, and
the decay width ofb→sg at tree level. The one-loop effect
on these observables are small, and do not exceed the
of 0.4% of the SM values. In general, we conclude that
up-type quarks mixing scenario can hardly be examin
against the low-energy data available so far.

C. The general mixing scenario

In this section, we consider the general case of both ty
of quark mixing, i.e, where bothLu and Ld are nontrivial.
7-16
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The charged-current mixing matrixV is defined the same a
before, V5Lu

†Ld . The interaction Lagrangian can be e
pressed using two matrix structures, such asV andLd

†GLd .
In this caseLu

†GLu5VLd
†GLdV†. Therefore, under the gen

eral mixing scenario, there are additional free parameter
comparison with the previously discussed two cases.
additional parameters appear in the matrixLd

†GLd , where

Ld
†GLd5S ud31u2 d31* d32 d31* d33

d31d32* ud32u2 d32* d33

d31d33* d32d33* ud33u2
D . ~94!

Since the unitarity condition implies thatud31u21ud32u2

1ud33u251, there are only two additional free paramete
which will be assumed to be real numbers hereafter.~Addi-
tional phases can be generated which would signal a
source ofCP violation.!

The general case is more tolerant and able to accom
date low-energy data because of the additional parame
Nevertheless, as to be shown later, we can set signifi
constraints on some combination of those additional par
eters. In the following, we shall examine a few relevant tr
level FCNC processes.

As a start, we consider the decayK1→p1nn̄. As dis-
cussed before, this process can occur in this model at
level through the flavor-changing neutral currents→dZ

→dnn̄. The branching ratio of this process can be obtain
from the ratio

R5
Br~K1→p1nn̄!

Br~K1→p0e1ne!
5

1

4x2 S ud31u2ud32u2

uVusu2
D , ~95!

which noticeably is independent of the parameters sin2b and
sin2f. Therefore, the ratioR can be used to directly set
limit on ud31d32u/x, without any assumptions regarding oth
parameters. If we compare this result with the published
sult of the E787 collaboration@21#, Br(K1→p1nn̄)
54.223.5

19.7310210, we obtain the 2s level constraint

ud31d32u
x

&1024. ~96!

For x520, the smallest value ofx consistent with theZ-pole
data, it requiresud31d32u,231023.

Now we consider the new effect to theK0-K̄0 mixing. A
straightforward calculation of the tree-level amplitude
compared with the SM short distance contribution gives

T

TSM
5

DM

DMSM
'13107

Re~d31* d32!
2

x
. ~97!

Combined with the previous constraint derived fromK1

→p1nn̄, we conclude

DM

DMSM
&13103ud31d32u. ~98!
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Hence, the combination of theK1→p1nn̄ andK0-K̄0 mix-
ing data directly constrains the magnitude ofud31d32u be-
cause the explicitx dependence cancels. Ifx520, the non-
standard contribution inK0-K̄0 mixing can be as large a
twice the SM short distance contribution.

Next, we use bottom physics data to constrain the sec
additional free parameter. Consider the decay rateb→snn̄.
The expected branching ratio, which is independent of
parameters sin2f and sin2b, is given by

Br~b→snn̄!

Br~b→cm2n̄m!
5

1

4x2

ud32d33u2

uVcbu2f ~z!
, ~99!

where f (z) is given in Eq.~34! and z5mc /mb . Using the
experimental data, Br(b→cm2nm̄)5(10.560.5)% @24# and
Br(b→snn̄),3.931024 @27#, we obtain the constraint

ud32d33u
x

,2.931023, ~100!

For x520, it requiresud32d33u,0.06. Next, we consider the
Bs

0-B̄s
0 mixing. A straightforward calculation of the new

physics effect to theBs
0-B̄s

0 mixing compared with the SM
contribution gives

T

TSM
5

DMBs

~DMBs
!SM

'3.43104
Re~d32* d33!

2

x
. ~101!

When combined with the previous constraint derived fro
the measurement of Br(b→snn̄), it yields

DMBs

~DMBs
!SM

&100ud32d33u. ~102!

Hence, the combination of theb→snn̄ and Bs
0-B̄s

0 mixing
data directly constrains the magnitude ofud32d33u because the
explicit x dependence cancels. Forx520, the nonstandard
contribution toBs

0-B̄s
0 mixing can be as large as six times th

SM short distance contribution.
Given the constraints onud31d32u, ud32d33u, and the unitar-

ity condition on the matrixLd , one can derive the allowed
space of the parametersud31u, ud32u, andud33u. It is interesting
to notice that in the SM neitherLu nor Ld can be separately
determined, and only the CKM matrixV, which is the prod-
uct of Lu

† and Ld , can be measured experimentally. How
ever, in this model, the elements in the third column of t
Lu,d mixing matrices can be determined, and can be furt
constrained by including other low-energy data. Unfor
nately, in general, those observables depend also on s
other parameters, such as sin2f and sin2b, of the model.
Some of them are discussed below.

The expected branching ratio forb→sm1m2 is given by
7-17
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Br~b→sm2m1!

Br~b→cm2nm̄!
5

1

4x2

ud32u2ud33u2

uVcbu2f ~z!

3~sin4b24 sin2b sin2f sin2u

18 sin4u sin4f!. ~103!

Using the CLEO data@24#, we obtain

ud32d33u
x

,2.431023, ~104!

for sin2b50.5 and sin2f50.04. For x548, the minimal
value of x consistent withZ-pole data andt lifetime, it re-
quiresud32d33u,0.12.

Next, consider the decay rate ofBs,d→m1m2. The tree-
level contribution gives

G~Bs→m1m2!5
GF

2 f Bq

2 mBq
mm

2 ud32d33u2

4px2

3~sin2b24 sin2u sin2f!2S 12
4mm

2

mBq

2 D 3/2

.

~105!

For sin2b50.5 and sin2f50.04, the branching ratio Br(Bs
→m1m2) is

Br~Bs→m1m2!50.018
ud32d33u2

x2
. ~106!

Comparing this result with the experimental upper limit@29#,
we obtain

ud32d33u
x

,1.231022. ~107!

This constraint is not as strong as the one obtained fromb
→sm1m2, the latter is stronger by one order of magnitud

The branching ratio ofBd→m1m2, for sin2b50.5 and
sin2f50.04, is

Br~Bd→m1m2!50.01
ud31d33u2

x2
. ~108!

Comparing this result with the experimental upper limit@29#,
we obtain

ud31d33u
x

,9.131023. ~109!

For x548, it yieldsud31d33u,0.44.
The new physics effect to theBd

0-B̄d
0 mixing compared

with the SM contribution can be written as
01500
.

DMBd

~DMBd
!SM

5
T

TSM
'3.63105

Re~d31* d33!
2

x
. ~110!

When combined with the above constraint derived from
decayBd→m1m2 @29#, it yields

DMBd

~DMBd
!SM

&3.33103ud31d33u. ~111!

If we consider the valuesx548, sin2b50.5, and sin2f
50.04, then ud31d33u,0.44 andDMBd

/(DMBd
)SM&1450,

which implies that the current measurement of Br(Bd
→m1m2) is not useful to constrain this model, and ne
physics effect toBd

0-B̄d
0 mixing can be much larger than th

SM prediction. A precision measurement ofBd
0-B̄d

0 mixing
will be extremely valuable to test this model with the sc
nario that both the up- and down-type quarks can mix in th
mass eigenstates.

Similar to the discussions given for the other two sc
narios, this model also allows lepton number violation p
cesses, such asBs,d→m6t7 and b→sm6t7. Since their
branching ratios are of the same order as those for thet1t2

mode, they can be very useful for further testing the mod
In conclusion, under the general mixing scenario, the mo
requires two additional free~real! parameters, although add
tional phases can be introduced to generate a new sourc
CP violation. Depending on the values of the paramete
sizable effects in various FCNC processes are expected
Table IV, we summarize the results of this section by givi
the constraints on the mixing parameters as extracted f
different experiments.

VII. CONCLUSIONS

In this work, we revisit the model in Ref.@5#, and update
the constraints on this model from theZ-pole data at LEP or
SLC. We find that the heavy gauge boson mass is boun
from below to be about 1.7 TeV at the 2s level. The param-
eterx, the square of the ratio of the two VEV’s involved i
the breaking pattern of the gauge symmetry, is larger than
assuming no lepton mixing, and 48 with the maximal po
sible lepton mixing betweenm andt. Given that, we study
the potential of the new physics effect predicted by t
model to low-energy data with zero momentum transf
such asK andB physics. We concentrate on the region whe
x is large. Using an effective current-current interaction L
grangian, we systematically examine the possible new ph
ics effects in the charged-current and the neutral-current
teractions. We show that FCNC couplings in this model c
be written as the product of CKM matrix elements, so th
FCNC processes are naturally suppressed. To examine
well low-energy data can further test this model, we ha
separately studied three different scenarios of quark mix

Assuming the third family lepton does not mix with th
first family lepton, the partial decay width ofm→eee and
m→eg will not be modified. The current data on the me
7-18
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surement of the ratioG(t→mn̄mnt)/G(t→en̄ent) places the
strongest constraint on the parameterx, which is even better
than theZ-pole constraint for sin2f,0.1 ~cf. Fig. 2!. The
lepton number violation processt→mmm is also significant
and gives a compatible constraint as does the above mea
ment. On the other hand, given the current experime
data, the decay processt→mg and the measurement of th
anomalous magnetic dipole moment of the muon are not
significant in constraining the model. If the above discus
processes can be measured to a better accuracy in f
experiments, they will play a more significant role in testi
the model considered in this work.

Under the down-type quark mixing scenario, the dec
width of K1→p0e1ne is not modified at tree level, assum

TABLE II. The lower bound onx derived from various decay
processes for the proposed model with thed-quark mixing scenario.
Case I: sin2b50, sin2f50.04. Case II: sin2b50.5, sin2f50.04.

Process x.

I II

Z-Pole data 20 20

Br(t2→m2n̄mnt)/Br(t2→e2n̄ent) 0 48

Br(t2→m2m1m2) 0 37
Br(t→mg) 0 3

Br(K1→p1nn̄) 7 7

Br(b→sm1m2) 0 19

Br(b→snn̄) 15 15

Br(Bd→m1m2) 0 1
Br(Bs→m1m2) 0 4
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ing the third family lepton does not mix with the first famil

lepton. The branching ratio ofK1→p1nn̄ can be an order
of magnitude larger than the SM prediction. In that case

can be tested at Kaon factories. The effect to theK0-K̄0

mixing is of the same order as the SM prediction, which c
only be useful if the long distance contribution can be be
understood theoretically. Furthermore, since the above
servables do not depend on the parameter sin2f, they can
directly constrain the parameterx of the model. The curren
data on the branching ratios ofBs,d→t2t1,m2m1 and b

→sm2m1,se2e1,snn̄ do not impose a better constraint o
the model than that by theZ-pole measurements. Howeve
with a much larger statistics of the data inB ~Beauty! facto-
ries, we expect it to be improved. Since this model a
predicts the non-SM decay modes, such asb→sm6t7 and
Bs,d→m6t7, with comparable branching ratios, they shou
be measured to test the model prediction on the lepton m
ing dynamics~i.e., sin2b dependence!. For the range of the
parameterx consistent with theZ-pole data, it is found that in
this model a new contribution to theBq

0-B̄q
0 mixing can reach

the range of 150–360 %. Hence, this measurement is us
for testing the model. As a summary to this scenario,
Table II we give the lower bound on the parameterx derived
from including the low-energy data as well as theZ-pole
data. We consider two cases. Case I: No lepton mix
(sin2b50). Case II: Maximal lepton mixing (sin2b50.5). In
both cases we set sin2f50.04, since it corresponds to th
minimal value ofx. Also, in Table III we tabulate the pre
dictions of our model for various processes and for t
cases. Case I: No lepton mixing (sin2b50.0) andx520.
Case II: Maximal lepton mixing (sin2b50.5) andx548. For
h the
TABLE III. Predictions of various decay rates and mixing in the SM and the proposed model wit
d-quark mixing scenario. Case I: sin2b50, x520, sin2f50.04. Case II: sin2b50.5, x548, sin2f50.04.

Process Data SM d-type mixing
I II

Br~t2→m2n̄mnt!

Br~t2→e2n̄ent!
0.97660.006 0.9729 0.9729 0.9881

Br(t2→m2m1m2) ,1.931026 0 0 1.131026

Br(t→mg) ,4.231026 0 0 1.731028

Br(KL
0→m1m2) (7.260.5)31029 ;731029 1.3310210 3.431029

Br(K1→p1nn̄) 4.223.5
19.7310210 (9.163.8)310211 2.8310210 4.8310211

DMK(ns21) 5.31160.019 2.23–7.43 2.6–8.9 2.4–8.0
DMBs

(ps21) .10.2 1 –15 5 –69 3 –37
Br(b→sm1m2) ,5.831025 ;731026 1.631027 9.231026

Br(b→snn̄) ,3.931024 ;4.231025 2.331024 4.031025

Br(b→sm6t7) ? 0 0 2.031025

Br(Bd→m1m2) ,8.631027 2.1310210 3.2310211 8.8310210

Br(Bs→m1m2) ,2.631026 4.331029 6.1310210 1.731028

Br(Bd→m6t7) ,8.331024 0 0 4.031027

Br(Bs→m6t7) ? 0 0 7.731026

Br(Bd→t1t2) ? 4.331028 2.631026 1.031027

Br(Bs→t1t2) ? 9.131027 5.031025 2.031026

Y(1S)→m6t7 ? 0 0 4310210
7-19
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TABLE IV. Constraints on the quark mixing parameters from various decay processes for the pro
model with the general mixing scenario.

Process sin2b sin2f Constraint

Br(K1→p1nn̄) Independent Independent ud31d32u/x&1.031024

Br(b→snn̄) Independent Independent ud32d33u/x&2.931023

Br(b→sm1m2) 0.5 0.04 ud32d33u/x&2.331023

Br(Bd→m1m2) 0.5 0.04 ud31d33u/x&9.131023

Br(Bs→m1m2) 0.5 0.04 ud32d33u/x&1.231022
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both cases we set sin2f50.04.
Under the scenario of up-type quark mixing, there will

no nonstandard effect present in the hadronic decays ofK, D,
andB mesons. This is because in the pure hadronic charg
current interaction, the new physics effect is only expecte
processes that involve theb quark and whereDB vanishes.
Furthermore, the present data of semileptonicb-quark decays
are not accurate enough to further constrain the mo
though it can be improved in theB factories. Under this
scenario, the unitarity condition of the CKM matrix is mod
fied, but its change is extremely small for the values ofx that
agree withZ-pole data. In this case, this model does n
modify either theB0-B̄0 or the K0-K̄0 mixing at tree level.
Although the FCNC decay of charm meson is expected to
modified, the nonstandard effect is very small because of
natural suppression imposed by the tree-level FCNC c
plings ~which are the product of CKM matrix elements!.
With enough data in future experiments, the measuremen
the partial decay widths ofY(1S) into the t1t2, m1m2,
andm6t7 modes can further test the model. Furthermore
can also modify theK0-K̄0, B0-B̄0 mixing and the decay
width of b→sg at one-loop level. However, the one-loo
effects are small compared to the SM predictions and do
exceed the level of 0.4% of the SM values.

Under the general mixing scenario, the model requi
two additional free~real! parameters, although addition
phases can be introduced to generate a new source ofCP
D

s.

. B
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violation. Depending on the values of the parameters, siza
effects in various FCNC processes are expected. There
low-energy data can also test the model with a general m
ing scenario. In Table IV we summarize the results of t
general mixing scenario by giving the constraints on the m
ing parameters as extracted from different experiments.
general mixing scenario also allows lepton number violat
processes, such asBs,d→m6t7 andb→sm6t7. Since their
branching ratios are of the same order as those for thet1t2

mode, they can be very useful for further testing the mod
It is interesting to notice that in the SM neitherLu nor Ld

can be separately determined, and only the CKM matrixV,
which is the product ofLu

† andLd , can be measured exper
mentally. However, in this model, the elements in the th
column of theLu,d mixing matrices can be determined, an
can be further constrained by including other low-ener
data. Unfortunately, in general, those observables also
pend on some other parameters, such as sin2f and sin2b, of
the model.
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